ABSTRACT The late-feathering (LF) gene K on the Z chromosome is an important gene in the chicken industry, which is frequently utilized for the feather sexing, a type of autosexing, of neonatal chicks. The K gene is closely associated with the endogenous ev21 gene from an avian leukosis virus and the incomplete duplication (ID) of prolactin receptor (PRLR) and sperm flagellar protein 2 (SPEF2) genes, and ev21 has been used as a molecular marker to detect LF birds. In the present study, a comprehensive survey for the presence or absence of ev21 and ID across 1,994 birds from 52 chicken breeds, three commercial hybrid groups, and the Red Jungle Fowl revealed that almost all LF breeds have both ev21 and ID. However, only one LF breed (Ingie) has only ID and no ev21. Moreover, this study revealed that almost all early (normal)-feathering (EF) breeds lack both ev21 and ID, but only one breed (White Plymouth Rock) included EF birds with ev21 but no ID. Therefore, regarding LF expression, the results indicated that ID is responsible, but ev21 is not required. Henceforth, ID should be used as a molecular marker to detect LF birds instead of ev21. Because ev21 contains the full genome of an avian leukosis virus, there is a risk of disease development in breeds with this gene. Therefore, the Ingie breed, which has no ev21 at the K locus, represents excellent material for the establishment of new LF stocks.
INTRODUCTION
Autosexing, which allows us to easily determine the sex of newly hatched chicks, is quite important in the chicken industry, particularly in regard to economic costs. Feather sexing is a type of autosexing that is frequently adopted by hatcheries because of its convenience. In feather sexing, late-feathering (LF) characters are controlled by a sex-linked dominant gene K (Warren, 1925) , and this trait can be distinguished from early (normal) feathering (EF) based on the ratio of the length of the primaries to that of the primary coverts. When EF males are mated with LF females, F 1 males and females exhibit LF and EF phenotypes, respectively, allowing easy sex determination of newly hatched chicks.
The molecular architecture of the K locus is complex ( Figure 1 ; Elferink et al., 2008) , and the DNA region associated with the expression of EF and LF (referred to as the K locus) includes prolactin receptor (PRLR) and sperm flagellar protein 2 (SPEF2) genes. Although EF birds only have PRLR and SPEF2, LF birds possess incomplete and irregular duplications of PRLR and SPEF2 in addition to normal versions of the genes. In the duplicated region, parts of PRLR (dPRLR) and SPEF2 (dSPEF2) are connected (dSPEF2/dPRLR), and the connecting point is known as the breakpoint junction (Elferink et al., 2008) . In addition to the structure mentioned above, LF birds have an endogenous viral gene ev21 at the K locus (Smith and Crittenden, 1986; Bacon et al., 1988) , and the region where ev21 is located is referred to as the occupied region (OR) (Levin and Smith, 1990; Smith and Levin, 1991) . On the other hand, unoccupied region (UR) refers to the region that corresponds to the OR, which lacks ev21. While LF birds have both UR and OR regions at the K locus, EF birds contain UR.
Since the discovery of the LF and ev21 association, ev21 has been used as a molecular marker for the detection of LF birds (Iraqi and Smith, 1994; Smith and Fadly, 1994; Kansaku et al., 2011; Nakamura et al., 2011) . Moreover, Levin and Smith (1991) suggested that ev21 contains the whole genome of an avian leukosis virus, and that the gene is responsible for LF expression. However, Wimmers et al. (1996) reported that 403 Figure 1 . Presumed standard structure of k + and K genes on the Z chromosome. PRLR = prolactin receptor gene, SPEF2 = sperm flagellar 2 gene, dSPEF2 = duplicated SPEF2 gene, dPRLR = duplicated PRLR gene, JS = junction site of dSPEF2/dPRLR, ev21 = endogenous virus 21, UR = unoccupied region, and OR = occupied region. The k + gene has PRLR and SPEF2 genes and UR in its region, while the K gene has a fused dSPEF2/dPRLR gene and OR in addition to PRLR and SPEF2 genes and UR. UR and OR are corresponding regions. When ev21 was inserted into the UR (UR was occupied by ev21), it became the OR. The k + gene usually only has an UR, while the K gene has both UR and OR. The fused region of dSPEF2 and dPRLR is called JS.
some LF birds possess a structural variant of ev21, in which major parts of ev21 are missing. Furthermore, Boulliou et al. (1992) and Tixier-Boichard et al. (1994) pointed out the existence of EF birds that have ev21, and Bu et al. (2013) and Zhao et al. (2016) recently reported the strong possibility that the partial duplication of PRLR and SPEF2 (fusion of dPRLR and dSPEF2: dSPEF2/dPRLR in Figure 1 ) is responsible for LF expression. Therefore, the relationship between the feathering characters and the existence of ev21 and/or dSPEF2/dPRLR remains unclear.
The present study was conducted to reveal the relationship between feathering and the molecular architecture of the K locus by investigating a large number of chicken breeds.
MATERIALS AND METHODS
We examined 37 Japanese, 15 non-Japanese chicken breeds, three commercial hybrid groups, and the Red Jungle Fowl in the present study (Table 1) . First, we confirmed the relationship between feathering characters and the presence or absence of dSPEF2/dPRLR and/or ev21 using 23 Japanese and 10 non-Japanese chicken breeds. For dSPEF2/dPRLR and ev21 detection, the junction site (JS) of dSPEF2 and dPRLR and the downstream region of ev21 were amplified via PCR (Figure 2 ). PCR was conducted using each primer pair (Table 2) , and AmpliTaq Gold Fast PCR Master Mix (Applied Biosystems, CA) was utilized. The PCR conditions were as follows: 94
• C for 10 min, 35 cycles of denaturation at 94
• C for 3 sec, annealing at 60 • C for 3 sec, and extension at 68
• C for 40 sec. PCR products were electrophoresed on a 2% agarose gel, and were subsequently stained with GelRED (Biotium, CA). The electrophoretic bands were visualized using a WSE-5200 Printgraph 2 M (ATTO, Tokyo, Japan).
After the relationship between feathering (EF or LF) and the presence or absence of JS and/or ev21 was confirmed, we performed an additional exhaustive survey for the presence or absence of JS and/or ev21 using the 37 Japanese, 15 non-Japanese chicken breeds, Letters following the breed abbreviations denote different lines within the same breed, with the exception of commercial hybrids.
three commercial hybrid groups, and Red Jungle Fowl specimens, including birds with no available phenotypic data.
In addition to the detection of JS and ev21 mentioned above, we investigated the size of ev21. For this purpose, the upstream region, complete sequence, and downstream region of ev21 were amplified (Figure 3 ) with specific primers (Table 2) using the amplification and visualization techniques described above. For the amplification of the complete ev21 sequence, the target region was amplified with Tks Gflex DNA Polymerase (Takara, Shiga, Japan) using the ev21 primer set-3 (Table 2 ) and the following PCR conditions: 94
• C for 1 min, 30 cycles of denaturation at 98
• C for 10 sec, annealing at 55
• C for 15 sec, and extension at 68
• C for 5 min. PCR products were electrophoresed on a 1% agarose gel and the visualization methods described above.
Detailed Examination for the Ingie Breed
As described below in the "Results" section, only one LF breed (Ingie: IG) had no ev21 (OR) unlike Table 2 . When electrophoresis is performed, one band is displayed for females and males that are hemizygous and homozygous for k + , respectively, while females (hemizygous for K) and males (homozygous or heterozygous for K) exhibit two bands when ev21 and JS are present. Table 2 . When electrophoresis is performed, one band is displayed for females and males that are hemizygous and homozygous for k + , respectively, whereas females (hemizygous for K) and males (homozygous or heterozygous for K) exhibit two bands in all of three cases described in (A), (B), and (C). Tables 1 and 3 ). The UR was amplified with the primer set-3 (Table 2 ) and the same PCR conditions for JS described above, purified with PCR purification Kit (QIAGEN, MD), and then supplied to direct sequencing by 3130xl Genetic Analyzer (Applied Biosystems) and PCR-RFLP analysis with a restriction enzyme Hae III (Takara). For the sequencing, two primers (URseqF2: AGTCTCCTTGGCTCGTTGGT and GS23 in Table 2 ) were used. Sequence fluorograms were drawn using BioEdit Sequence Aliment Editor 7.2.6 (Hall, 1999) .
Following the sequencing, the purified PCR products mentioned above were digested at 37
• C for 1 hour with Hae III, and the digested products were electrophoresed and visualized as described above for JS.
In addition to the DNA sequencing and PCR-RFLP analysis, to confirm whether the LF character of the IG breed is inherited with a sex-linked dominant manner like as a common LF character, an IG female with LF feathering was mated to a typical EF male from the Kurokashiwa breed (Tables 1 and 3) , then the relationship between feathering and sexes was examined in their F 1 progeny.
During the present study, the sexing of newly hatched chicks was performed based on the PCR primers described by Fridolfsson and Ellegren (1999) , and the aforementioned methods used to amplify JS were utilized.
RESULTS
The results of the analysis revealed variation in regard to the degree of LF in the examined breeds, and examples of EF and LF characteristics in newly hatched chicks are shown in Figure 4 . For instance, White Leghorn (WL) (Figure 4 A-b) and White Plymouth Rock (WPR) (Figure 4 B-b) breeds exhibited primaries and secondaries that extended to some extent, and the rachises of these wing feathers were observed. However, unlike WL and WPR, the primaries and secondaries of Ko-Shamo (KS) specimens (Figure 4 C-b) did not extend. Furthermore, IG (Figure 4 D-a) specimens exhibited distinct LF, and no rachises were observed.
The direct relationships between feather conditions (EF and LF) and the presence or absence of the JS of dSPEF2/dPRLR and/or ev21 at the K locus are shown in Table 3 . Among the 23 Japanese breeds, LF was only found in two breeds (IG and KS). On the other hand, among the 10 non-Japanese breeds, six breeds (Barred Plymouth Rock (BPR), Brahma (BRM), Light Sussex (LS), Rhode Island Red (RIR), WL, and WPR) exhibited LF. Considering Japanese and non-Japanese breeds, all LF breeds, with the exception of IG, had both JS and ev21 (+/+ in Table 3 ). Although LF was fixed in the IG breed, JS was detected in the absence of ev21 at the K locus (+/− in Table 3 ). All EF breeds (lines), with the exception of WPR-C, lacked both JS and ev21 (−/− in Table 3 ). The WPR-C lacked JS, but ev21 was present (−/+ in Table 3 ). The electrophoretic evidence for the absence and presence of ev21 in IG and WPR-C is shown in Figure 5 . Therefore, the results clearly indicated that LF expression is associated with the presence of JS+/ev21+ and JS+/ev21− types, and EF expression is associated with the presence of JS−/ev21− and JS−/ev21+ types ( Figure 6 ). In addition, Figure 5 also indicates that the size of ev21 is identical across breeds.
Based on the confirmation of the relationship between phenotypes and the presence or absence of JS and/or ev21, we extended our comprehensive survey to include an increased number of DNA samples from breeds and individual specimens for which phenotypic data were unavailable (Table 4) . Among 37 Japanese breeds, both JS and ev21 were observed (+/+ in Table 4 ) in six breeds (Amakusadaiou (AD), KS, Kumamoto (KU), Nagoya (NG), Oh-Shamo (OS), and Ukokkei (UK)), and the combination of the presence of JS and absence of ev21 (+/− in Table 4 ) was only found in the IG breed, thus corroborating the results . Summary of the relationship between feathering and the structure of the K locus. PRLR = prolactin receptor gene, SPEF2 = sperm flagellar 2 gene, dSPEF2 = duplicated SPEF2 gene, dPRLR = duplicated PRLR gene, JS = junction site of dSPEF2/dPRLR, ev21 = endogenous virus 21, UR = unoccupied region, OR = occupied region (the corresponding region to UR occupied by ev21), EF = early feathering, LF = late feathering. EF birds usually have the structure of type (A). In rare cases, type (B) is found in EF birds when there is only one OR (ev21) and no UR. LF birds usually possess the structure of type (C). Only one Japanese breed Ingie (IG), which is fixed with LF, exhibits type (D), (i.e., it has two URs but no OR (ev21)).
shown in Table 3 . The JS+/ev21− type was fixed in the IG breed, but JS+/ev21+ and JS−/ev21− types were segregated in the other six breeds. Among 15 nonJapanese breeds, the JS+/ev21+ type was observed in seven breeds (BPR, BRM, Cochin (CC), LS, RIR, WL, and WPR). Although the JS+/ev21+ type was fixed in the LS breed, JS+/ev21+ and JS−/ev21− types were segregated in the other breeds. Regarding the CC breed, line A (CC-A) was fixed with the JS−/ev21− type, whereas JS+/ev21+ and JS−/ev21− types were segregated in line B. In the BPR and RIR breeds, JS+/ev21+ or JS−/ev21− types were fixed, but the two types segregated depending on the line. Of the five WL lines, four were fixed with the JS−/ev21− type, and the remaining one was fixed with the JS+/ev21+ type. Across all Japanese and non-Japanese breeds, the rare JS−/ev21+ type was only observed in the WPR breed, and this result was in agreement with the results shown in Table 3 . For instance, in WPR lines C and D, JS+/ev21+ and JS−/ev21+ types segregated, respectively, but lines A and B were fixed with JS−/ev21− and JS+/ev21+ types, respectively. The rare JS−/ev21+ type was also observed in one of the commercial groups (COM-A), and the JS−/ev21− type was fixed in the Red Jungle Fowl, which is the presumed ancestor of domestic chickens. 
Detailed Examination for the IG Breed
The UR sequencing results (Sequence fluorograms) around the Hae III recognition site are shown in Figure 7 . In common LF females, two types were observed in their base sequences as previous reports (Nakamura et al., 2009; Kansaku et al., 2011) ; that is, one had a recognition site for Hae III and the other had no recognition site. On the other hands, in the fluorograms of the IG, overlap of wave peaks were observed on and after the recognition site. In PCR-RFLP analysis for UR (Figure 8 ), common LF females from WPR-B and WPR-C showed one or two electrophoretic band(s). One non-cleaved band appeared in WPR-C, and two cleaved bands did in WPR-B. On the other hands, three bands were observed in the IG breed. These results of DNA sequencing and PCR-RFLP analyses for the UR of the IG indicated that the IG breed has two URs at the K locus as shown in Figure 6 . Also, the appearance of the three bands means that one of the URs has no Hae III recognition site, and the other has the site.
In a mating experiment between the IG female with LF and typical EF male from another breed, all F 1 females and all F 1 males exhibited EF and LF, respectively, apparently indicating that the LF character of the IG is sex-linked dominant like as common LF characters possessed by other breeds. The LF feature of the F 1 bird is distinguished as in the case of the parental IG (Figures 4 and 9) .
DISCUSSION
Traditionally, ev21 at the K locus was thought to be closely associated with LF expression. Recently, Elferink et al. (2008) identified incomplete duplications (ID) of PRLR and SPEF2 genes at the K locus and suggested that this ID is responsible for LF expression. In the present study, 13 out of 52 breeds that exhibit LF possessed both the ev21 and ID markers (Table 4) , and this is in accordance with the accepted scheme. However, a single LF breed (IG) only exhibited ID, and this result represents the first detection of this marker combination in the world.
On the other hand, 51 out of 52 breeds that exhibited EF had neither ev21 nor ID, which is in agreement with the accepted scheme. However, EF birds in two lines of a single breed (WPR) had ev21 (Table 4) , and this finding supports those of Boulliou et al. (1992) Figure 7. Sequence fluorograms around the Hae III recognition site of the UR in common LF birds (WPR-C and WPR-B; A and B, respectively) and the IG breed (C). A has no recognition site, while B does a recognition site (GGCC). C showed overlap of wave peaks on and after the Hae III recognition site. See Table 1 for breed abbreviations. Figure 7C ), indicating that this breed has two URs at the K locus, in which one has no Hae III recognition site and the other does the site. See Table 1 for breed abbreviations. Table 1 for breed abbreviations.
and Tixier-Boichard et al. (1994) , which reported the presence of ev21 in EF commercial broiler lines and Rhode Island Red commercial layers. The results of this and other studies indicated that birds with the ID marker but no ev21 marker exhibit LF, and those with the ev21 marker but no ID marker exhibit EF. Therefore, the results of this study indicate that the ID (dSPEF2/dPRLR) marker, not ev21, is responsible for LF expression. Moreover, Bu et al. (2013) and Zhao et al. (2016) reported that the fused dSPEF2/dPRLR gene is functional, thus supporting our findings.
To date, ev21 has been used as a DNA marker to detect LF chickens when no phenotypic data are available. Henceforth, the ID should be employed as a DNA marker instead of ev21, because the ID marker is possessed by all examined LF breeds.
The incidence of LF is lower in Japanese breeds than in non-Japanese breeds. Among the Japanese breeds in which LF was observed, AD, KU, and NG are industrial breeds for egg and meat production that were established by crossing non-Japanese breeds (e.g., Cochin) at the start of their breeding approximately 100 to 150 years ago. Although the OS breed was originally bred for cock fighting, line C (OS-C) was established for meat production purposes via the relatively recent crossing of some non-Japanese breeds. Excluding these breeds, the incidence of LF is quite low in Japanese breeds, so it is thought that native Japanese chickens originally did not express LF. Moreover, the expression of LF seen in KS and UK breeds might have been recently introduced from non-Japanese breed(s) during the process of plumage color (varieties) improvement.
All of the LF birds belonging to the BPR, RIR, WL, and WPR breeds had ev21 at the K locus. These breeds are famous industrial chickens (parental stocks) for meat and egg production, and LF stocks of these breeds are frequently used for autosexing when commercial chickens are produced. Thus, the presence of ev21 in commercial chickens (COM-A and COM-B) in the present study was expected. Additionally, two WPR lines (WPR-C and WPR-D) had ev21 even though they expressed EF, and EF birds with ev21 were also observed in commercial chickens (COM-A). Ideally, birds that possess ev21 should be avoided if possible, because ev21 is an endogenous gene derived from an avian leukosis virus, which contains the full viral genome (unpublished data). Therefore, ev21 could possibly express leukosis and damage chicken stocks. Actually, Fadly and Smith (1997) reported that ev21 enhances susceptibility to avian leukosis viral infections and causes tumors in neonatal chicks.
As previously mentioned, the native Japanese IG breed is fixed with LF but lacks ev21. Furthermore, in addition to lacking ev21, the IG breed and the F 1 males from the cross between the IG female and EF male exhibit distinguished LF as shown in Figures 4 and 9 , and this extreme LF trait genetically has a possibility of leading to easier feather sexing of newly hatched chicks. Thus, the IG breed represents excellent material for the creation of LF new parental (dam) stocks within the chicken industry.
